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Although much emphasis has been placed on the possible role of juxtaglomerular 
(JG)  1 cells  in  hypertension  (1),  in  more recent years it  has been discovered that 
these  endocrine-like  cells  also  responded  to  a  disturbance  in  hormone  balance. 
Dunihue observed a profound increase  in JG cells and their granule content in un- 
treated  adrenalectomized animals  (2,  3)  and later found  that  this  effect was pre- 
vented or reversed by desoxycorficosterone  acetate  (DCA)  s  (4).  As previously re- 
ported, we were able to produce corresponding  changes  in JG cells in  the intact rat 
by dietary means alone  (5).  Salt restriction, like adrenalectomy, caused a  striking 
increase in the granules of JG cells, whereas excessive intake of salt (2 per cent saline 
in  drinking  water)  produced  degranulafion  (confirmed  by Toussaint  e3  a/.  (6)). 
Injections  of  DCA  also  degranulated  JG  cells  but  the  degree  of  this  effect was 
dearly proportional to  the amount of salt ingested.  It was concluded  that  the in- 
fluence of the adrenal on JG cells was secondary to disturbances in salt metabolism. 
Although  this interpretation  has been challenged  (7),  subsequent investigation has 
supported our concept, as well as further elucidating the relation of juxtaglomerular 
cells to the adrenal gland. 
In  the  present  investigation,  changes  in  juxtaglomerular  cells were found 
to be closely related to alterations in  the zona glomerulosa, but not to other 
zones,  of the  adrenal  cortex.  These findings  will  be interpreted  on  the  basis 
of  the  evidence  provided  by Deane  eta/.  (8)  that  the  zona  glomerulosa  is 
responsible for the  electrolyte-regulating function  of the  adrenal  cortex. 
Methods 
Animals and Experimental Procedures.~A total of 159 albino rats of the Wistar strain 
from five experiments involving low, normal, and high salt intake, with or without additional 
* Present  address: Pathology Department,  Washington University Medical School, St. 
Louis, Missouri. 
JG, juxtaglomerular cells. 
2  DCA, desoxycorfieosterone  acetate. 
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TABLE  I 
ExtJ~m~tul  Procedures and Results 
Experi-  Group No. 
ment  rats 
Level 
NaCI*  Other  procedures 
intake 
1  1  6  Low 
2  7  Low 
(5)  3  8  Normal 
4  9  Normal 
.5  10  High 
6  7  High 
2  1  7  Low 
2  8  Normal 
(5,  8)  3  2~  Low 
4  3~  Low 
5  25  Normal 
6  2~  Normal 
DCA injections, 1 to 10 days 
DCA injections, 1 to 10 days 
DCA injections,  10 days 
DCA injections, 3 wks. 
DCA injections, 3 wks. 
Aver-  Average  width 
Duration  a  •  mna 
J~  loss 
I  glomeru, 
5-6 wks.  27  190 
i5--6  28  180 
i5-6  "  11  68 
5-6  "  10  70 
4  "  46 
4  "  46 
2--4 wks.  33  103 
2-.4  "  14  56 
4  "  24  95 
14  "  27  78 
4  "  1  38 
4  "  30 
3  1  6  Low 
2  7  Low 
(9)  3  7  '  Low 
4  1  8  Low 
2  2  Low 
(10)  3  8  Normal 
4  5  Nornml 
5  6  I High 
6  3  High 
5  1  6  Low 
2  6  I Low 
(10)  3  7  I Normal 
4  5  Normal 
5  10  High 
6  5  High 
DCA injections, 10 days 
2 per cent saline, 10 days 
Apresoline§ injections, 3 wks. 
Prlvine injections, 3-7 days 
Apresoline injections, 3 wks. 
Privine injections, 3-7 days 
Apresoline injections, 3 wks. 
Privine injections, 3-7 days 
6  mos.  ii  121 
6  "  39  97 
6  "  96 
6  "  15  60 
6  "  28  66 
6  "  20  77 
6  "  63 
6  "  47 
i  6  mos.  23  I  69 
Apresolineinjections,  10-20days  6  "  29  [  71 
6  "  20  66 
Apresoline  injections,  10-20days L  6  "  26  64 
t  6  "  6  44 
Apresoline  injections,  10-20  6  "  12  48 
days 
Figures in parentheses refer to references. 
* For diets see reference 5. 
Weanling rats; all others were adult when sacrificed. 
§ Apresoline and  privine were  generously supplied  by  the  Ciba  Products  Inc.,  Ltd., 
Montreal. 
procedures, were utilized in this investigation. The experiments had been carried out during 
the previous 2 years. The indices of granulation of JG cells  (below)  had been determined 
when each  experiment was completed and the adrenal glands had been stored in formol- PHYLLIS  MERR1TT  HARTROFT  AND W.  STANLEY  HARTROlrT  207 
calcium for future study. The procedures used are outlined in Table I, the experiments being 
listed in chronological order. 
Juxtaglomerular cells and adrenal cortices were also studied in six female rats  (average 
body weight  ---  135  gin.) that had been hypophysectomized for 4  to 7 weeks and in seven 
comparable control rats that had been sham-operated and whose food intake was restricted 
to keep their body weights the same as those of the hypophysectomized rats.  A complete, 
semisynthetic diet was used (11). 
JGIa-Juxtaglomerular Cell Ora~ula~ion Index.--Preparation and staining of renal tissue for 
study of juxtaglomerular cells and  estimation of degree of granulation have been described 
previously (5).  Slight modifications in  the method  have been made since the first  experi- 
ments in order to increase its accuracy. Briefly, the method is as follows: in several sections 
from  each  kidney,  relabelled  to  mask  the  experimental  history,  units  of juxtaglomerular 
cells (Fig. 1) are counted and weighted according to their density of granulation (Figs. 2 to 
5).  The  JGI--or  juxtaglomerular granulation  index--is  the  ratio  of  the  total  number  of 
weighted JG units to the number of glomerull. The higher the index, the greater is the num- 
ber of granules present. 
Measurements of the Widlh of tkz Zona Glomerulosa.--With  the exception of Experiment 2 
(Table D, adrenals which had been fixed and stored in 10 per cent formal calcium were sec- 
tioned with the freezing microtome at appro~mately 5 #. Care was taken to cut the sections 
as closely as possible through the center of the gland to prevent erroneous measurements due 
to tangential planes. The sections were stained for lipid with oil red O  (Liliie)  and counter- 
stained with hematoxylin and light green by the method of Wilson (12).  As in the case of 
JGI, all sections were relabelled at random so that  the experimental history of the animal 
was not known.  The width of the zona glomerulosa, including the transition zone, was de- 
termined  microscopieaUy by  taking  the  average  of four  measurements,  the  values being 
expressed in micra (10  X  objective; 10 X  ocular; ocular micrometer calibrated with stage 
micrometer). At the same time other features were recorded: the intensity of sudanophilia, 
the presence of cytoplasmic vacuoles, whether or not the transition zone was well defined, 
and a prediction as to which dietary group the animal had belonged (i.e., low, normal, or high 
salt intake). 
The method differed in Experiment 2  (Table I) in that adrenals had not  been  stored  in 
formalin. Paraffin sections stained by the JG cell method  (5)  were used in place of frozen 
ones for measuring the width of the zona glomerulosa. Lipid of course could not be assessed 
in these sections. 
RESULTS 
Variations in Dietary Salt 
Numerical  Data.--When  data  from  the  5  series  of  experiments  (Table  I) 
were  combined,  a  positive  correlation  (r  ffi  0.63)  of  high  statistical  signifi- 
cance  (p  <  0.01)  was obtained between the degree of granulation  of JG cells 
(JGI)  and  the  width  of  the  zona  glomerulosa  (Graph  1).  The latter  was ex- 
pressed  in  log  micra  in  order  to  make  the  relationship  linear  and  thereby 
facilitate  the statistical analysis.  Exceptions  to the linearity were found with 
very high  JGI's  (5  values  of  79 and  above)  and  these  were not  included  in 
the calculations. 
Only  small  variations  occurred  in  the  average  width  of  the  zona  glomer- 
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ulosa  of control animals (those  receiving  a  normal NaC1 supplement)  from 
one  experiment  to another,  except  in  the  case of Experiment 2  (Table  I). 
The values were low in the latter experiment  due to the use of paraffin sec- 
tions  which  involve  dehydrating agents  in  their  preparation  with  greater 
shrinkage  of tissue.  (Values for weanling  rats in the same  experiment  were 
still lower due to the small size of the adrenal as a  whole.) In contrast, the 
control values for degree of granulation of JG cells (JGI) were not consistent 
but became progressively greater from Experiment 1 to 5. Since this sequence 
was  also  chronological  with respect  to  the  time that the JGI counts were 
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G]~$RH 1. Correlation from 5 experiments of degree of granulation of J'G cells and width of 
the zona glomemlosa of the adrenal cortex in rats fed three levels of dietary salt. 
done, the differences can be explained by improvement in staining and count- 
ing methods. Obviously, variations such as these  would have adverse  effects 
on a correlation  coefficient, but were overcome by the large number of data. 
This fact suggests that had the variables  above  been  controlled,  the actual 
correlation  coefficient would  have  been  higher. 
Assuming  that JGI counts would  be more accurate in the latest experi- 
ment, a correlation  coefficient was calculated for Experiment 5 alone (Graph 
2). Despite the limited number of data and smaller spread  of values,  the co- 
efficient was higher (0.81) and had the same  degree  of significance as that 
including  data from all five experiments. 
Histological Obseroations.--The histologic appearance,  as well as the width PHYLLIS  MERRITT  HARTROFT  AND  W.  STANLEY  HARTROFT  209 
of the  zona  glomerulosa,  was  very constant  in  the  control  rats,  regardless 
of the  experiment  (Figs.  8  and  12).  Frozen  sections stained with oil red 0 
showed  intense  sudanophilia  of  the  zona  glomerulosa  with  no  cytoplasmic 
vacuoles other than those containing lipid. Directly beneath this zone was a 
well  defined,  narrow sudanophobic  zone in  which the  cells  were  small  and 
the  cytoplasm sparse.  This  is  referred  to  as  the  transition zone.  The  zona 
fasciculata usually showed less sudanophilia, being most intense in the outer 
portion,  and  the  lipid  appeared  a  lighter  red  (more  orange)  than  in  the 
glomerulosa. 
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G~H  2. Correlation from 1 experiment of degree of granulation of JG cells and width of 
the zona glomerulosa ~  the adrenal cortex in rats fed three levels of dietary salt. 
!  i  " 
The appearance  of the zona glomerulosa varied considerably in rats sub- 
jected to low& high salt regimens. This variation, like the difference in width 
(shown by the  correlation coefficient) was related to  the degree of granula- 
tion of JG cells.  The extreme in each case will be described. 
An examp]e of extreme change in the zona glomerulosa in response to salt 
restriction is  illustrated in  Figs.  6  and  11.  The zone was much wider than 
normal and showed varying degrees of depletion of lipid. Lipid droplets that 
were  present  tended  to  be  very small.  Individual cells  were  usually larger 
and  often  small  vacuoles  were  conspicuous  in  their  abundant  cytoplasm. 
Mitotic figures were  occasionally seen.  This picture  was  one of stimulation 
and  accelerated  secretory activity. The  changes,  almost without  exception, 
were confined to the zona glomerulosa. 
The extreme response to high salt intake (2  per cent saline drinking water) 210  RENAL  J'UXTAGLOMERULAR  CELLS.  1I 
was atrophy of the zona glomerulosa (Figs. 10 and 13). The lipid disappeared 
and the nuclei became packed together due to a  decrease in cytoplasm. The 
cells  showed little indication of secretory activity. When lipid depletion was 
complete, no difference could be detected between the zona glomemlosa and 
the  transition zone.  It was  for this reason that  the  latter  was  included in 
measurements of the zona glomerulosa. The outer portion of the fasciculata 
was sharply demarcated from the glomerulosa. Again, with little exception, 
the  changes  were  confined  to  the  zona  glomerulosa. 
To corroborate the statistical analysis, correlation within groups, i.e., low, 
normal, or high salt intake could be shown qualitatively in many instances. 
As  mentioned  above,  the  adrenals  were  examined  with  the  real  labels 
masked and,  among other  observations recorded, predictions were  made as 
to what dietary group  the animals had belonged. The predictions were cor- 
rect in almost every case for control animals. In the case of salt restriction, 
on the other hand, some sections were considered normal (but none was clas- 
sifted as high salt), particularly in Experiments 4 and 5. In general, the degree 
of granulation of JG cells  followed the  same pattern. Thus, in animals sub- 
jected to  the  same  experimental  conditions, some did not  show the  effects 
of salt  restriction with respect  to  either  the  adrenal  or  the  JG  cells while 
others showed varying degrees of changes in both  (Figs. 6  and 7).  The con- 
verse was true in animals subjected to excessive  salt intake (Figs. 9 and 10). 
Effects of Itypophysectomy 
The average JGI of control rats was 30; that of hypophysectomized rats, 
25. The difference was not statistically significant (p >  0.1). Under the con- 
ditions of  this  experiment  therefore  juxtaglomerular cells  were  not  altered 
by the absence of the pituitary.  ~ 
Adrenal glands of the hypophysectomized rats were atrpphic in the gross. 
Microscopic examination revealed  the  atrophy to  be  restricted  to  the  zona 
fasciculata of the  cortex which measured,  on the  average,  20~/~,  compared 
to 500/~  in the control rats. The glomerulosa was normal"(Fig~ 14 and 15), 
measuring 73 #  in hypophysectomized rats and 70 #  in coiatrol rats. 
DISCUSSION 
The results of this study have shown that under conditions of varying in- 
take of salt,  a  definite relationship exists between the juxtaglomerular cells 
of the kidney and the zona glomerulosa of the adrenal cortex. As shown by 
a  highly  significant  correlation  coefficient (0.63),  based  on  data  from  159 
rats, degranulation of JG  cells was  associated with atrophy of the  zona  glo- 
merulosa and increased granulation with hypertrophy of  this zone. That  this 
relationship is specific  is  suggested by the absence  of alterations in the  JG 
cells of hypophysectomized rats, in which the zona glomerulosa also remained 
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We stated in a previous paper (5)  that of the two possible reasons for the 
increase  in  JG  granules  in  salt  deficiency--accelerated  production  or  de- 
creased  rate  of  liberation--we  favored  the  latter  possibility  since  at  that 
time evidence of hyperactivity had not been observed. In light of more recent 
data,  as yet unpublished,  that  suggestion is  open  to  question  and  is under 
further  investigation  at  the  present.  On  the  other  hand,  changes  in  the 
adrenal can be interpreted more accurately. Hypertrophy of the zona glomer- 
ulosa  with  salt  restriction  was  accompanied  by cytological signs  of hyper- 
secretion  (depletion  of  lipid,  vacuoles  ,  cellular  enlargement,  mitosis,  etc.), 
confirming  observations of Deane et a~.  (8)  which were based on more com- 
plete histological  studies.  Conversely, excessive  intake  of salt depressed the 
zona  glomerulosa  (6,  13). As  Deane  et a~.  (8)  have  shown,  the  zona  glo- 
merulosa is responsible for elaboration of electrolyte-regulating hormones and, 
in  the  rat,  is  independent  of pituitary  control,  indicated  by the  failure  of 
the zona glomerulosa  to atrophy in  the absence of the pituitary  (14-16). 
The fact that  changes in JG cells paralleled changes in the zona glomeru- 
losa points to salt metabolism as the primary mediator rather than the level 
of mineralocorticoids  as  Dunihue  (7)  has  suggested.  Adrenalectomy  (2,  3) 
and  salt deficiency each  increase  the  granules  of the JG  cells.  Both  condi- 
tions  are  associated with  salt depletion  but in  the  former,  there  is lack of 
salt-retaining  hormones (absence of the adrenals)  and in the latter,  excessive 
liberation of mineralocorticoids (hyperactivity of zona glomerulosa).  Further- 
more,  the  salt-retaining  hormone,  DCA,  and  excessive  salt  intake  degran- 
ulate  the JG cells,  and  yet  the  latter  causes suppression  of DCA-like  hor- 
mones from  the zona  glomerulosa.  These facts make it di/ficult  to consider 
the  JG  cells  as responding  to  the  level of mineralocorticoids.  On  the  other 
hand,  salt  metabolism  was  probably  directly  responsible  for  the  changes 
both in JG cells and in the zona glomerulosa  in these experiments. 
SD'U'~ARY 
Many  of the  observations made  by Deane  and  associates  (8,  13,  14)  re- 
garding  the effects of salt restriction,  excess salt intake, and hypophysectomy 
on the zona glomerulosa  of the adrenal cortex in the rat have been confirmed. 
A  positive correlation  (r  --  0.63)  of high  statistical  significance  has been 
demonstrated  between the  degree of granulation  of JG cells  (JGI)  and  the 
width  of the  zona  glomerulosa  in  159  rats  from  5  series  of experiments  in 
which  low,  normal,  and  high  salt  regimens  were  employed.  A  some- 
what  higher  correlation  (r  --  0.81)  was  obtained  when  only rats  were in- 
cluded from  the most  recent  experiment  of the  series  in  which  JGI  counts 
were  more  accurate.  Under  the  conditions  of  these  experiments,  therefore, 
increased  granulation  and  degranulation  of  JG  cells  were  associated  with 
hyperactivity and suppressed activity, respectively, of the zona glomerulosa. 
Rats  sacrificed  4  to  7  weeks after  hypophysectomy were found  to  have 212  RENAL JUXTAGLOMERULAR  CELLS. H 
normal  JG cells.  This  finding  constitutes  another  example of  the  similarity 
in  response of JG cells to that of the zona glomerulosa, which also remained 
unaltered  following  hypophysectomy despite  atrophy  of  the  rest  of  the  ad- 
renal cortex. 
The authors are indebted to Professor C. H. Best for his encouragement  and suggestions; 
to Dr. J. M. Salter for performing the hypophysectomies; and  to Miss Betty Berman and 
Mr. William Wilson for technical assistance. 
These investigations were supported by a grant from the Nutrition Foundation, Inc. 
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EXPLANATION  OF PLATES 
PLATE 22 
FIG.  I. Oil  immersion photomicrograph  of  a  unit  of  juxtaglomerular cells in  a 
normal rat's kidney. The afferent arteriole, cut longitudinally,  can be seen entering 
the  glomerulus  from  the  lower  right.  Juxtaglomerular  cells  containing  granules 
(black)  occupy the media of the arteriole at its entrance to the glomerulus.  Paraffin 
section; Bowie-light green stain. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  102  PLATE  22 
(Hartroft and Hartroft: Renal juxtaglomerular cells. II) PLATE 23 
FIGS. 2 to 5. Units of juxtaglomerular cells  of the rat,  graded one- to four-plus, 
respectively,  according to their density of granulation. All photomicrographs were 
taken at the same magnification. Only portions of the accompanying glomeruli can 
be seen. Paraffin sections;  Bowie-light green stain. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  102  PLATE  23 
(Hartroft and Hartroft: Renal juxtaglomerular ceils. II) PLATE 24 
FIGS.  6  to  10.  Frozen sections stained with oil red O, hematoxylin and light green 
of  adrenal  cortices from  rats.  Low power photomicrographs,  all  taken  at  the  same 
magnification, to illustrate  the extremes  in "animal to animal" variation within  the 
dietary  groups  and  demonstrate  the  parallelism  in  response  of  juxtaglomerular 
cells and the zona glomerulosa. 
FIG. 6.  Adrenal cortex of a  rat fed a  salt-deficient diet for several months.  There 
is  extreme  hypertrophy  of  the  zona  glomerulosa.  The  JGI  for  this  animal  was  ab- 
normally high (37). 
FIG.  7.  Adrenal  cortex of a  rat  whose  dietary  history  was  the same  as  that  rep- 
resented  in  Fig.  6.  Despite  salt  restriction,  the zona  glomerulosa remained  normal, 
as  did  the  juxtaglomerular  cells  (JGI  =  16). 
FIG.  8.  Adrenal  cortex from  a  control rat  for comparison with  Figs.  6,  7,  9,  and 
10. 
FIG. 9.  Adrenal cortex from  a  rat given 2 per cent saline drinking water for sev- 
eral months.  Both  the zona  glomerulosa and  the  juxtaglomerular  cells  (JGI  =  18) 
are within normal limits. 
FIG.  10.  Adrenal  cortex  from  a  rat  with  the  same  dietary  history  as  that  rep- 
resented  by Fig.  9.  The  zona glomerulosa has  undergone  extreme atrophy  with de- 
pletion  of  lipid.  Juxtaglomerular  cells  of  this  rat  were  completely  degranulated 
(JaI  =  0). THE  JDURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 102  PLATE  24 
(Hartroft and Hartroft: Renal juxtaglomerular cells. II) PLATE 25 
FIGS. 11  to  13.  Oil immersion photomicrographs, all taken at  the  same  magni- 
fication, of the zona glomerulosa of the adrenal cortex.  Technical details as for FIGs. 
6 to 10. 
FIG.  11.  Zona glomeruIosa  of  the  adrenal  cortex  from  a  salt-deficient rat  (see 
also  Fig.  6).  Note  the  enlarged cells with abundant cytoplasm, depletion of  lipid, 
and the presence of cytoplasmic vacuoles.  Only a portion of the hypertrophied zona 
glomerulosa could be included in the field. 
FIG. 12.  Zona glomerulosa of the adrenal cortex from a  control rat  (see also Fig. 
8).  The limits of the zone are indicated by the arrows.  The cells are heavily laden 
with lipid and are smaller and more uniform than those illustrated in Fig.  l 1. 
FIG.  13.  Atrophic zona glomerulosa from a  rat given 2 per  cent saline drinking 
water for  several months (see also  Fig.  10). Arrows  indicate the limits of  the zona 
glomerulosa. Note  the  small size  of  the  cells  and  the  almost complete absence of 
lipid. TttE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  102  PLATE  25 
(Hartroft and Hartroft:  Renal juxtaglomerular cells. II) PLATE 26 
FIG.  14.  Low  power  photomicrograph  of  the  adrenal cortex  from  a  control rat 
(sham-operated). The normal appearance of both the zona glomerulosa and fascic- 
ulata is  to be compared to  that in Fig.  15.  Frozen section stained with oil red  O, 
hematoxylin, and light green. 
FIG.  15.  Adrenal cortex  photographed  at  exactly  the  same  magnification as  is 
Fig.  14,  from  a  rat  that had  been hypophysectomized for  7 weeks.  Note  that  the 
width and density of lipid in the zona glomerulosa is the same as in the control rat. 
The zona fasciculata, however,  has become very narrow and depleted of lipid. THE  3OURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  102  PLATE  26 
(Hartroft and Hartroft:  Renal juxtaglomerular cells. II) 